Separation and puri cation of active components from biomass by inorganic materials during the pretreatment process of hydrothermal conversion are studied in this work. e batch experiment results show that an initial solution pH of 6 favors chelerythrine adsorption, and the optimum adsorbent dosage is 2.0 g. e adsorption mechanism of ZSM-5 for chelerythrine is investigated by adsorption kinetics, isotherm adsorption models, and thermodynamics analysis. e results show that the kinetics data t the pseudo-second-order model well (R 2 0.9991), and the intraparticle di usion model has 3 di usion stages, preliminarily indicating that chemisorption plays a major role in the adsorption process, and the sorption mechanism includes intraparticle, external, and boundary di usion. e adsorption isotherms agree well with the Langmuir model, indicating the occurrence of monolayer molecular adsorption during the adsorption process. Meanwhile, the maximum adsorption capacity is 2.327, 2.072, and 1.877 mg/g at di erent temperatures (288 K, 298 K, and 308 K), respectively. e thermodynamic data demonstrate that the adsorption process is exothermic and spontaneous in nature. ese observed results clearly con rm that ZSM-5 has potential superior properties for the enrichment and puri cation of alkaloids during the pretreatment of biomass.
Introduction
Biomass, as a renewable carbohydrate found in nature, is a promising alternative to petroleum resources for the production of fuels, carbon-based chemicals, and materials [1, 2] . e pretreatment process of biomass before transformation is particularly important owing to the presence of various active components (e.g., avonoids and alkaloids) in biomass.
erefore, isolating and purifying the active components from the pretreatment process of biomass are of great signi cance. In particular, Chelerythrine (CHE) is a common alkaloid that is found in the pretreatment process of Toddalia asiatica (L.) Lam., Celandine, Macleaya cordata, et al. As shown in Figure 1 , the molecular formula and molecular weight of CHE are C 21 H 18 NO 4 + and 348.37, respectively [3] . CHE has been widely used as an insecticide because it is harmful to the nerves and heart as well as it may cause paralysis, cardio-inhibitory activity, and even death. Moreover, CHE has shown favorable anti-in ammatory, antitumor, and antiplaque activity, as well as SH-enzyme inhibition [4] [5] [6] . e extraction of CHE from renewable biomass has received considerable attentions. Especially, Toddalia asiatica (L.) Lam. represents a better starting material to access CHE since Toddalia asiatica (L.) Lam. is easily available in nature and contains high amount of CHE. erefore, it is very interesting to sustainably obtain CHE from Toddalia asiatica (L.) Lam. Furthermore, the residue after extraction can be used as a raw material for the production of value-added chemicals and biofuels, which enables the full utilization of Toddalia asiatica (L.) Lam. to be possible.
Many approaches, including resin adsorption [3, 7] and column chromatography [8] [9] [10] , have been proposed to separate CHE from organic extracts. Although the two methods can achieve favorable CHE separation, the pretreatment and regeneration of the resin are complex and consume large quantities of reagents. Moreover, the high requirements for chromatographic equipment are not conducive to industrial applications. erefore, developing a suitable carrier that is e cient and environmentally friendly for the enrichment and puri cation of alkaloids is necessary.
Zeolite molecular sieves, as aluminosilicate crystals, are widely used in ion exchange [11] , gas adsorption [12] [13] [14] , and catalysis [15, 16] due to their regular structure, high surface area, and large inner pores. Since zeolites have holes connected by a plurality of pore canal structures with the same diameter, organic molecules with smaller size than the pore diameter can be adsorbed, while molecules with larger size than the pore diameter can be excluded, and then the organics can be separated. ZSM-5 is a typical representative of zeolite molecular sieves. It contains two types of channels: straight cylindrical channels with an oval cross section (channel size of 0.54 nm × 0.56 nm) and Z-shaped channels with an approximately circular cross section (channel size of 0.52 nm × 0.58 nm). Catalytic active centers and strong acid sites of ZSM-5 are concentrated at the intersections of the two channels [17] [18] [19] . In addition to its unique structural properties, the regeneration process of ZSM-5 is simple (calcinations in air for 4 h at the temperature of 873 K). Because of its mature technology and outstanding performance, ZSM-5 is widely used in the petrochemical industry [20] , fine chemicals [21] , environmental protection [22] , and adsorption [23, 24] . e abundant acid sites and hydroxyl groups of ZSM-5 are expected to be obviously beneficial for adsorbing the target product. It is envisioned that ZSM-5 can efficiently purify target compounds from plant extracts on account of its unique structure. However, there are few reports on the application of molecular sieves in the field of separation and purification of plant active ingredients. erefore, the adsorption of lycorine and galantamine by ZSM-5 molecular sieves from Lycoris radiata Herb. was reported in our previous study [24] ; the results showed that the adsorption and desorption performance of lycorine and galantamine by molecular sieves was superior to those obtained using resin, which indicates that the application of molecular sieves in the separation and purification of active components from medicinal herb ingredients is promising. erefore, to clarify the adsorption performance and mechanism of ZSM-5 towards active ingredients from plants, an alkaloid (CHE) was selected for use as a target and ZSM-5 was selected as an adsorbent. Batch experiments were used to study the optimal adsorption dose and initial solution pH. e adsorption kinetics, isotherms, and thermodynamics were investigated to explore the adsorption performance and mechanism of CHE on ZSM-5, and the technology described in this work is expected to be applied to isolate and purify the active ingredients from the pretreatment process of biomass.
Materials and Methods

Chemicals and Apparatus.
Rhizomes of Toddalia asiatica (L.) Lam. were obtained from the planting base in Zhangjiajie. ZSM-5 (Na-type: Si/Al � 25, pore size 0.54 nm, surface area 380 m 2 /g, and pore volume more than 0.21 cm 3 /g) was purchased from Shanghai Saint Chemical Materials Co., Ltd., China. e ZSM-5 powder was placed in a muffle furnace, heated to 873 K at a heating rate of 2.4 K/min, and then calcined for 4 h at 873 K to remove organic impurities in the molecular sieves. A standard sample of CHE (≥98%, mass purity) was purchased from Shanghai Aladdin Biochemical Technology Co., Ltd., China, and chromatographic-grade acetonitrile was purchased from Fisher Scientific International Inc., America. Hydrochloric acid, phosphoric acid, methanol, and ammonia were purchased from Shanghai Titan Technology Co., Ltd., China; all these chemicals were analytical-grade reagents.
An Agilent-1260 high-performance liquid chromatograph from Agilent Co., Ltd. (America), equipped with a Waters C 18 reverse-phase column (250 × 4.6 mm, 5 μm), was used for quantitative and qualitative analysis. An ultravioletvisible spectrophotometer from SHIMADZU Co., Ltd., (Japan) equipped with a 1 cm cuvette was used for wavelength scanning. An FE20 laboratory pH meter from METTLER TOLEDO Co., Ltd., (Switzerland) was used for pH analysis.
Analytical Methodologies.
A sample (2.0 g) of Toddalia asiatica (L.) Lam. powder was weighed accurately, infiltrated with 40 mL aqueous methanol (60%, v/v) for 30 min, and then ultrasonically extracted for 50 min at 333 K. e above process was repeated 3 times, and the extracted liquid was filtered.
e filtrate was collected, concentrated to 20 mL under reduced pressure, and adjusted to pH � 6 with 1 mol/L HCl aqueous solution.
e concentration of CHE in the extracts was analyzed by high-performance liquid chromatography (HPLC) under the following chromatographic conditions: a mixture of acetonitrile and 0.2% aqueous phosphoric acid (27 : 83 v/v) was used as the mobile phase with a flow rate of 1.0 mL/min, the temperature of the column was 303 K, and the UV detector was operated at 273 nm. e standard curves are shown in Figure 2 . Prior to injection, the solutions were filtered through a 0.45 μm membrane; the injection volume was 20 μL.
Determination of Optimal Adsorption Capacity.
e adsorption capacity is mainly determined by the initial solution pH and adsorbent dosage. erefore, the adsorption of CHE was performed by using batch experiments with different initial solution pH values and adsorbent dosages.
e pH was carefully adjusted by using 3.65 wt.% HCl and 3.5 wt.% NH 4 OH to values in the range of 2 to 10. ZSM-5 with an adsorption dosage of 2.0∼10.0 g was transferred to a conical flask containing 15 mL of extract. e two-factor sample solutions were vibrated for 24 h in a thermostatic shaker bath at a constant temperature of 288 K, and the Advances in Polymer Technology concentration of CHE in the solution was determined by using HPLC.
Adsorption Kinetics.
A total of 2.0 g of ZSM-5 was added to 15 mL of solution at a concentration of 0.150 mg/mL, as described in Section 2.3, and the mixtures were stirred for 24 h by using a shaker at a constant temperature of 288 K. Samples were pipetted at certain intervals and determined by HPLC; the adsorption amount of ZSM-5 adsorbed at time t (q t , mg/g) was calculated using the following equation:
where c 0 and c t (mg/mL) are the initial and time t concentrations of CHE in solution, respectively; V (mL) is the volume of the solution; and m (g) is the mass of ZSM-5.
Adsorption
Isotherm. ZSM-5 (2.0 g) was added to 15 mL solutions containing CHE at concentrations from 0.050 to 0.500 mg/mL, and the mixtures were oscillated for 24 h until reaching adsorption equilibrium by using a shaker at constant temperatures of 288, 298, and 308 K. Known volumes of samples were pipetted and determined by HPLC. e equilibrium adsorption capacity (q e , mg/g) of ZSM-5 was calculated using the following equation:
where c 0 , V, m, and q e are as described above and c e (mg/mL) is the equilibrium concentration of ZSM-5.
Results and Discussion
3.1. HPLC Analysis. e CHE contents of the standard solutions, extracts, and eluents were determined by HPLC. HPLC spectra of CHE are shown in Figure 3 . From Figure 3 (a), the standard solution has a characteristic peak at 11.83 min, while Figure 3 (b) shows a characteristic peak at 10.11 min for the extracts. Figure 3 (c) shows the peak of CHE at 10.53 min, which was determined using 80% ethanol solution with a pH of 2 to elute ZSM-5 at adsorption equilibrium. In addition, Figure 3 (c) preliminarily proves that using ZSM-5 to enrich CHE from Toddalia asiatica (L.) Lam. is feasible.
Influence of pH.
e hydrogen ion concentration is always considered one of the most important parameters in the adsorption process; it influences the surface binding sites or charges of the adsorbent and the degree of ionization/ dissociation of CHE [25] . To study the influence of the initial solution pH on the adsorption of CHE, batch experiments at different pH values were carried out at 288 K with 15 mL of 0.150 mg/mL CHE and 2.0 g of adsorbent. Figure 4 shows that the adsorption capacity slightly increased with increasing initial pH and reached a maximum at pH 6. is trend occurred because at low pH, ether groups are protonated, which greatly weakens the binding capability between CHE and the active sites in molecular sieves. With further increases in pH, the adsorption capacity decreases sharply, mainly because of competitive adsorption; similar results have been shown in a previous study [26, 27] .
Influence of Adsorbent Dosage.
e influence of various amounts of ZSM-5 on adsorption capacity was studied in 15 mL of 0.15 mg/mL CHE methanol solution. e results are presented in Figure 5 , which shows that the adsorption capacity decreases from 0.31 mg/g to 0.079 mg/g with an increase in adsorbent dosage from 2.0 g to 10.0 g due to the greater number of binding sites available. e adsorption rate increases substantially with increasing adsorbent dosage from 2.0 g to 6.0 g and increases slightly from 6.0 g to 10.0 g when CHE entirely occupies the available binding sites. erefore, the amount of adsorbent was maintained at 2.0 g in the following experiments to optimize both the adsorption capacity and adsorption rate.
Adsorption Kinetics.
e adsorption curves of ZSM-5 for CHE are plotted with adsorption capacity as the ordinate and time as the abscissa. As shown in Figure 6 , the adsorption capacity increases rapidly during the initial 16 h and then gradually becomes flat until reaching equilibrium at 1.25 mg/g. Adsorption kinetics models were used to illustrate the adsorption rate and mechanism of ZSM-5 [28] . Pseudo-firstorder kinetics, pseudo-second-order kinetics, and intraparticle diffusion kinetics [29, 30] were used to evaluate the sorption kinetics; the equations are generally written as follows:
where k 1 (min − 1 ), k 2 (g·mg − 1 ·min − 1 ), and k p (g·mg − 1 ·min − 1/2 ) are the pseudo-first-order kinetics, pseudo-second-order kinetics, and intraparticle diffusion kinetics rate constants of adsorption, respectively; q e (mg/g) is the equilibrium adsorption capacity; q t (mg/g) is the amount of CHE adsorbed at time t; and C is the constant of adsorption. According to the kinetics equations, the pseudo-first order, pseudo-second order and intraparticle diffusion kinetics curves are given by ln(q e − q t )∼t, t/q t ∼t, and q t ∼t 0.5 , respectively. e fitting curves of the three kinetics models and their parameters are given in Figure 7 and Table 1 , respectively. From Figure 7 (a) and Table 1 , the CHE adsorption data fit well with the pseudo-second-order kinetics model, as indicated by the high correlation (R 2 � 0.9991).
is result indicates that chemisorption plays a major role in the adsorption process. From the fitting curve of the particle diffusion model in Figure 7 (b), three stages exist during the diffusion of CHE to ZSM-5. k p1 , k p2 , and k p3 , which express the diffusion rates of the different stages in the adsorption process, are shown in Table 2 and follow the order Advances in Polymer Technology k p1 > k p2 > k p3 . e first steeply sloped period is a rapid stage during which a large amount of CHE is rapidly adsorbed by the exterior surface of the molecular sieves. When the adsorption on the exterior surface reaches saturation, CHE molecules enter the pores of the adsorbent and are adsorbed by the interior surface of the molecular sieves. As the CHE molecules enter the pores, the diffusion resistance increases, which leads to a decrease in the diffusion rate. With the rapid decrease in CHE concentration, the intraparticle diffusion rate gradually falls and finally reaches equilibrium; therefore, the changes in k p1 , k p2 , and k p3 could be attributed to the different adsorption behaviors in the exterior surface adsorption stage, in the interior surface adsorption stage, and at equilibrium, respectively. e same result was obtained in a previous study [31] . In general, if the plot of q t against t 1/2 gives a straight line and crosses the origin, intraparticle diffusion is the only rate-controlling step in the adsorption process. As shown in Figure 7 (b), three straight lines were obtained, suggesting that intraparticle diffusion plays a major role but is not the only rate-controlling step in the adsorption process: external diffusion and boundary diffusion also influence the process.
Adsorption Isotherm.
Adsorption isotherms are important for determining the adsorption behavior of an adsorbent. To simulate the adsorption behavior of molecular sieves for CHE, the adsorption curves of CHE on molecular sieves at different temperatures and solution concentrations were investigated. Figure 8 shows that the adsorption capacity increases with increasing solution concentration at a pH of 6, indicating that a high CHE concentration in solution is beneficial for adsorption by molecular sieves. Moreover, the results demonstrate that the molecular sieves show high affinity at lower temperatures.
To verify the adsorption process and clearly investigate the mechanism of adsorption, the Langmuir and Freundlich isotherms were applied to fit the experimental data in this study. e Langmuir isotherm model is based on the assumption that monolayer adsorption takes place onto a completely homogeneous surface that contains a limited number of active sites. e Freundlich isotherm is an empirical equation that describes adsorption onto a heterogeneous surface through a multilayer adsorption mechanism, and the sites on the surface have different binding energies [32] . e linear forms of the Freundlich and Langmuir adsorption isotherm equations are given as follows:
where q e (mg/g) and q m (mg/g) are the equilibrium and maximum adsorption capacity of CHE adsorbed by the molecular sieve, respectively; c e (mg/mL) is the equilibrium concentration in solution; K L (L/mg) and K F (dm 3 /mg) are the Langmuir and Freundlich adsorption constants, respectively; and n is the Freundlich constant, which is temperature-dependent. e fitting parameters were calculated by linear plotting and are shown in Table 3 . e constants n and K F were calculated from the slope and intercept, respectively, of ln q e versus ln c e from Figure 9(a) . e values of q m and K L can be calculated from Figure 9(b) , the linear plot of c e /q e versus c e . To choose the best-fitting model, the correlation coefficient (R 2 ) was studied. Comparing the values of R 2 from Table 3 , we can conclude that the Langmuir model fits well with the experimental data for CHE adsorption on molecular sieves, indicating that a monolayer adsorption process occurs. According to the best fitting of the Langmuir model, the maximum adsorption capacities of CHE at 288, 298, and 308 K are 2.327 mg/g, 2.072 mg/g, and 1.877 mg/g, respectively. Moreover, the separation factor or equilibrium parameter (R L ) is introduced to describe the favorability of the CHE adsorption process; the formula of R L is shown as follows:
where c 0 (mg/dm 3 ) is the initial concentration of CHE. e favorability of the adsorption process is based on the value of R L and can be irreversible (R L � 0), favorable (0 < R L < 1), linear (R L � 1), or unfavorable (R L > 1) [33] . e values of R L shown in Table 3 are all positive; thus, the adsorption of CHE is favorable.
3.6. Adsorption ermodynamics. Because the adsorption isotherm fits well with the Langmuir isotherm model at 288, 298, and 308 K, the adsorption enthalpy (∆H), adsorption entropy (∆S), and adsorption free energy (∆G) of CHE on the ZSM-5 molecular sieves can be calculated using the Langmuir constant of K L based on the following equations [34] :
where K a (dimensionless) is the thermodynamic equilibrium constant (the K a values were estimated from the parameters of the Langmuir model, as presented in previous literature Advances in Polymer Technology 5 [35, 36] ); R is the ideal gas constant, 8.314 J/(mol·K); and T is the absolute temperature (K). e values of ∆H and ∆S are calculated from the slope and the intercept of the linear plot of ln K L versus 1/T, respectively. e results are summarized in Table 4 . e values of ∆G for CHE are negative, which implies that the adsorption of CHE by molecular sieves can happen spontaneously. Moreover, the values of ∆G increase gradually with decreasing adsorption temperature, which indicates that the lower the adsorption temperature is, the greater the affinity of binding sites and the more spontaneous the adsorption occurs. e negative value of ∆H implies that the adsorption of CHE is an exothermic process, Advances in Polymer Technology which demonstrates that decreasing the temperature is beneficial. e negative value of ∆S shows decreases in the degrees of freedom of the adsorbed species and the randomness at the solid/liquid interface.
Conclusions
is scientific study clearly suggests that ZSM-5 is suitable for adsorbing CHE from Toddalia asiatica (L.) Lam. Batch experiments revealed that the adsorption efficiency was affected by the solution pH, and the optimum initial solution pH was 6. e maximum adsorption capacity of CHE was found at a solid-liquid ratio of 2 : 15. e pseudo-secondorder kinetics model and intraparticle diffusion model suitably describe the kinetics of the adsorption process, indicating that chemisorption plays a major role in the adsorption process and that intraparticle diffusion is not the only rate-controlling step in the adsorption process. e equilibrium adsorption data of CHE by ZSM-5 fit well with the Langmuir isotherm model, as indicated by the high correlation coefficients. e maximum adsorption capacities obtained from the Langmuir isotherm model in the temperature range of 288 K to 308 K are 2.327, 2.072, and 1.877 mg/g. e thermodynamic parameters show a favorable, spontaneous, and exothermic process in the adsorption of CHE by molecular sieves. In conclusion, as shown by the adsorption mechanism of the ZSM-5 molecular sieve for CHE, this material is thought to be a promising adsorbent for purifying alkaloids (especially quaternary ammonium alkaloids) from medicinal herbs. In addition, a technique for isolating active components from the pretreatment process of biomass is provided.
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